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Skeletal muscle Ca21 release units (CRUs) are junctions of the surface membrane/T-tubule system and the sarcoplasmic
eticulum (SR) that function in excitation–contraction coupling. They contain high concentrations of dihydropyridine
eceptors (DHPRs) in the T-tubules and of ryanodine receptors (RyR) in the SR and they are positioned at specific locations
n the sarcomere. In order to characterize the sequence of developmental steps leading to the specific molecular and
tructural organization of CRUs, we applied a range of imaging techniques that allowed us to follow the differentiation of
he membrane compartments and the expression of junctional proteins in developing mouse diaphragm muscle. We find
hat docking of the two membrane systems precedes the incorporation of the RyRs into the junctions, and that T-tubule/SR
unctions are formed and positioned at the I-A interface at a stage when the orientation of T-tubule is predominantly
ongitudinal. Thus, the sequence of developmental events is first the docking of T-tubules and SR, secondly the
ncorporation of RyR in the junctions, thirdly the positioning of the junctions in the sarcomere, and only much later the
ransverse orientation of the T-tubules. These sequential stages suggests an order of inductive processes for the molecular
ifferentiation and structural organization of the CRUs in skeletal muscle development. © 2001 Academic Press
Key Words: development; excitation–contraction coupling; Ca21 release unit; ryanodine receptor; sarcoplasmic reticu-
lum; skeletal muscle; transverse tubules.b
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rINTRODUCTION
The rapid rise in intracellular Ca21 during muscle activa-
tion is controlled by the close interactions of two separate
membrane systems, the transverse (T) tubules, which are
invaginations of the plasmalemma, and the sarcoplasmic
reticulum (SR; Porter and Palade, 1957), the intracellular Ca
store. SR and T tubules are structurally and functionally
joined at Ca21 release units (CRUs). The CRUs are the sites
at which Ca21 is rapidly released from the SR via the Ca21
release channel, or ryanodine receptors (RyRs), under com-
mand of the T tubule membrane potential, which is sensed
by dihydropyridine receptors (DHPRs; reviewed in Franzini-
Armstrong and Protasi, 1997). The close spatial relationship
1 To whom correspondence should be addressed. Fax: 215-573-
c2170. E-mail: armstroc@mail.med.upenn.edu.
204etween these membrane systems and the myofibrils and
he regular arrangement of the CRUs allows for the
apid availability of Ca21 to the contractile machinery
upon muscle activation and its effective removal during
relaxation.
SR-T tubule junctions and their association with myofi-
brils develop in a series of consecutive steps over a period of
several weeks (reviewed in Flucher, 1992; Flucher et al.,
1993; Takekura et al., 1993, 1994). ER differentiates into SR
by the gradual displacement of generic ER proteins by
SR-specific proteins (SERCA 1 and 2, calsequestrin, and
RyRs), and by a massive increase in the concentration of
SERCA in the free SR membrane (Martonosi et al., 1980;
Flucher et al., 1993). Next, SR proteins need to be segre-
gated into two functional domains, the free SR containing
the Ca21 pump and junctional SR containing RyRs and
alsequestrin (Jorgensen et al., 1985). In parallel to this
0012-1606/01 $35.00
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tration of DHPRs into junctional domains participating in
CRUs takes place (reviewed in Flucher and Franzini-
Armstrong, 1996). The formation of junctions between the
two membrane systems and the molecular differentiation
of the junctional membrane domains occur concurrently,
suggestive of a highly coordinated and possibly interdepen-
dent process (Yuan et al., 1991; Flucher et al., 1994).
either the aggregation within restricted membrane do-
ains of these Ca21 channels nor interactions between
them are required for CRU formation. Despite numerous
observations, it is not known whether all components of
the junction are simultaneously assembled during normal
development. Answering this question will provide indica-
tion of the inductive processes, and show whether junction
formation is necessary for RyR and DHPR assembly or
whether these processes are independent.
In addition to the questions concerning the association of
the two membrane systems, the membrane–cytoskeleton
interactions leading to the specific arrangement of CRUs
relative to the myofibril cross striation are still elusive. The
transverse orientation of T tubule networks and the final
precise location of triads and longitudinal SR elements at
specific bands of the sarcomere are late developmental
events (Veratti, 1902; Schiaffino and Margreth, 1969; Edge,
1970; Kelly, 1971; Flucher et al., 1991, 1993; Franzini-Arm-
strong, 1991; Takekura et al., 1993; Franzini-Armstrong and
Jorgensen, 1994 for a review). Hitherto, it has been unclear
whether the reorientation of T tubules drives the arrange-
ment of triads at the A-I interface or whether independent
processes exist for this specific membrane–cytoskeleton
association.
Our aim is to correlate the development of the individual
membrane structures and to determine the sequence of
events leading to their specific interactions with one an-
other and with the myofibrils. For this, we have used
labeling of surface membrane with a fluorescent lipid
soluble dye to image T tubules, immunolabeling to detect
SERCA distribution and clustering of RyRs, and electron
microscopy to detect formation, location, and orientation of
CRUs. The results indicate that SR-T tubule docking
clearly precedes trapping of RyRs in CRUs and location of T
tubules in a transverse network follows the specific posi-
tioning of CRUs relative to the myofibrils and may be
dependent on it. These findings suggest that docking of T
tubules and SR initiates molecular changes in both mem-
brane systems which lead to the molecular differentiation
of the junctional membrane domains as well as to their
specific interactions with the myofibrillar apparatus.
MATERIALS AND METHODS
Experimental Animals
This study was conducted with mouse (C57BL/6-J) embryos at 14,
15, 16, 17, and 18 days of gestation (E14–E18, plug day: 0 day); young
mice at 1, 2, 7, and 14 days after birth (D1–D14); and adult mice.
Copyright © 2001 by Academic Press. All rightT-Tubule Labeling
The fluorescent lipid analog DiIC16[3] was used to trace the T tubule
development. DiIC16[3] (Molecular Probes, Eugene, OR) was diluted
from a stock solution of 2.5 mg/ml DiIC16[3] in absolute ethanol into
85 mM sodium cacodylate buffer (pH 7.2) containing 85 mM sucrose,
to a final concentration of 12.5 mg/ml immediately before use
(Terasaki et al., 1986; Sanger et al., 1989; Flucher et al., 1991, 1993).
The resulting micellar suspension of dye was forcibly pipetted against
both surfaces of the unfixed diaphragm, after partially removing the
connective tissue, for 5–10 min. The muscles were washed and
mounted for immediate observation in the cacodylate-sucrose buffer.
Samples were observed in a scanning laser confocal microscope equipped
with Ar-Kr laser (MRC-600; BioRad, Hercules, CA). The technique
was used only on embryonal and early postnatal mice, because it does
not work in the adult due to the thickness of the basal lamina.
Immunohistochemical Labeling
For immunofluorescent labeling, whole diaphragms were fixed in
1% paraformaldehyde in phosphate buffered saline (PBS) containing
0.5% Triton X-100 for 1 h at room temperature. The muscles were
blocked for 1 h in PBS containing 1% bovine serum albumin (BSA)
and 10% goat serum, and then incubated overnight at 4°C in the
primary antibody. After washing several times for 10 min in PBS/BSA,
the muscle bundles were incubated in Texas Red-conjugated goat
anti-mouse IgG (Cappel Products, Durham, NC) for 1 h at room
temperature, and then washed again. The muscles were mounted in
glycerol containing 0.0025% para-phenylenediamine, 0.25% 1,4-
diazobicyclo-2,2,2-octane, and 5% N-propylgallate to retard photo-
bleaching. Specimens were observed in a scanning laser confocal
microscope equipped with Ar-Kr laser (LSM510; Carl Zeiss, Ger-
many). The two monoclonal antibodies were 34C (Airey et al., 1990;
purchased from Developmental Studies Hybridoma Bank, University
of Iowa), which recognizes all RyR isoforms, and anti fast Ca21-
TPase (Kaprielian and Fambrough, 1987; donated by Dr. D. M.
ambrough), which is specific for SERCA1.
Electron Microscopy
Diaphragms were fixed in situ by injection of 2.5% glutaralde-
hyde (in 100 mM sodium cacodylate buffer, pH 7.2) into thoracic
and abdominal cavities of dead mice in proximity of the muscle.
The diaphragm was then dissected, further immersed in the same
fixative for 2–3 h at room temperature, and for up to several weeks
at 4°C. For thin sectioning, the diaphragms were washed several
times in the sodium cacodylate buffer and postfixed in 2% OsO4 in
he same buffer with or without 0.8% of K3Fe(CN)6 for 1–2 h at
room temperature. The muscles were stained en bloc with satu-
rated aqueous uranyl acetate for 4 h at 60°C, and embedded in
Epon. Thin sections (,50 nm) stained with uranyl acetate and Sato
lead solutions were examined by using an electron microscope at
80 kV (JEM-2000EX; JEOL, Japan).
Quantitative Measurements
Using randomly collected photographs from transverse and longi-
tudinal sections, we determined the relative abundance of peripheral
versus internal couplings, and the disposition of CRUs relative to the
bands of the sarcomere. The same photographs were used to measure
the total length of peripheral and internal coupling profiles (including
both dyads and triads), the length of profiles occupied by arrays of feet
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206 Takekura, Flucher, and Franzini-Armstrongand the width of the junctional gap. For the latter parameter, five
randomly selected positions were measured and averaged for each
junctional gap. The quantitative observations were statistically treated
with Student’s t-test or multivariance analysis of variance (ANOVA).
The significant level of P , 0.05 (95% confidence) was used.
RESULTS
The Time Course of Key Events during Early
Differentiation of the Mouse Diaphragm
Myofibrillar development begins at day 14 of embryonic
development (E14) in myotubes with the formation of a
peripheral ring of myofibrils and centrally located nuclei.
FIG. 1. (A) Early organization of myofibrils and SR in developing
has just occurred. The myofibrils are mostly aligned with each oth
see also B). Three CRUs (arrowheads) are located near the A-I bord
at E17 outlines the SR and shows a transverse banding pattern, du
myofibrils. Asterisks indicate a cross striation shift similar to the
DiIC16[3]-labeled muscle fibers detect the first T tubules at E15 in t
(arrows, C). At E16, the great majority of T tubules run in a longitu
segments (arrows, D). At E17, the T tubules penetrate across the ent
the T tubule network is denser but is still predominately longitudMyotube to myofiber transition occurs at E16–E17, and
Copyright © 2001 by Academic Press. All rightyofibrils fill the entire cross section of the fibers and are
airly well aligned by E17 (Fig. 1A).
The SR is present from the early stages and its nonjunc-
ional (free) domains show a preferential association with
he Z-lines as soon as the first myofibrils appear. By E17,
his specific association results in a distinct banding pattern
f discrete SR networks at the level of the I-band with thin
ongitudinal connecting tubules (Figs. 1A and 1B, see also
lucher et al., 1993).
T Tubules Have a Predominantly Longitudinal
Orientation throughout Embryonic Development
We have used labeling of the surface membrane in whole
se diaphragm muscle. At E17, the myotube to myofiber transition
rming cross striations, but occasional shifts are present (asterisks,
ut their orientation is not transverse. (B) SERCA immunolabeling
he preferential association of the SR networks with the I-bands of
hown in (A). (C–F) Organization of T tubules. Confocal images of
rm of short invaginations penetrating myotubes from the periphery
l orientation, and are connected to the surface by short transverse
ber and have a predominantly longitudinal orientation (E). At birth,
with some transverse connecting elements (F).mou
er, fo
er, b
e to t
one s
he fo
dinadiaphragm with the fluorescent lipid dye analogue DiIC16[3]
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207Differentiation of Muscle Membranesto detect T tubules. Small tubular invaginations of the
surface membrane appear at E15 (arrows, Fig. 1C). At this
stage, the tubules are few and are preferentially found
within the peripheral ring where the myofibrillar bundles
begin to form. Myoplasm and nuclei occupy the centers of
the myotubes. At E16, the myotubes are considerably larger
and T tubules are longer, more frequent and penetrate more
deeply into the fiber. At this age, the great majority of T
tubules run in an almost perfect longitudinal orientation
and are connected to the surface by short transverse seg-
ments (arrows, Fig. 1D). Between E16 and E17, the myo-
tubes turn into myofibers, that is the entire cells cross
section is occupied by myofibrils (Okazaki and Holtzer,
1966) and concomitantly nuclei migrate to the periphery.
The cross striations are fairly well aligned across the young
fibers (Figs. 1A and 1B), but the T tubules, which now
penetrate to the center, still have a predominantly longitu-
dinal orientation, with only occasional cross connections
(Fig. 1E). SERCA labeling obtained independently on dia-
phragm at the same age shows that the free SR at this stage
is already aligned with the myofibrils, marking the stria-
tions (compare with Figs. 1A and 1B).
Birth occurs after 19 days of gestation. One day after birth
(D1), the T tubules are evenly distributed throughout the
myotube and the cross connections are more regularly
spaced. However the majority of T tubules are still longi-
tudinally oriented (Fig. 1F). The transition to a full trans-
verse orientation in the postnatal period of mouse muscle
has previously been described to occur between birth and 3
weeks (Edge, 1970; Franzini-Armstrong, 1991).
In summary, T tubule development in mouse diaphragm
begins at E15, progressively filling the myotube with a
system of interconnected tubules that maintain a longitu-
dinal orientation for a considerable period of time after
myofibrils and SR have become cross aligned.
Cross Alignment of CRUs Is an Early Event,
in Parallel to Myofibrillogenesis
Confocal images from fibers immunolabeled against
RyRs show small, intense RyR-positive foci representing
CRUs. At E15, punctate RyR foci are relatively sparse and it
is not possible to tell whether they have a specific distribu-
tion relative to the myofibrils either near the surface of the
fibers (arrows, Fig. 2A), or deep into the myotube (double
arrows, Fig. 2A). One day later, at E16, RyR clusters are
abundant throughout most myotubes (Fig. 2B). At this
stage, the labeling intensity of the RyR clusters is uneven
and weak. In some portions of the cell, few adjacent clusters
are transversely aligned, forming doublets that mark a
sarcomere-related periodicity, consistent with EM data be-
low. This indicates that some CRUs are already located in
a sarcomere-related pattern. Figure 2B shows an extreme
case of this early cross alignment at E16.
As the fibers mature (E17 and E18; Figs. 2C and 2D), the
RyR clusters become brighter and the transverse alignment
becomes the dominating feature of the distribution pattern.
Copyright © 2001 by Academic Press. All righthe cross bands of RyR cluster doublets correspond to pairs
f triads located at the A-I border at either side of the Z-line
see below). This overall pattern remains basically unal-
ered, but becomes more pronounced as muscle differentia-
ion proceeds (Figs. 2D–2F). Small areas in which RyRs do
ot show this clear banding pattern are more frequent at or
efore E17 (Fig. 2C), and become virtually absent after birth
Fig. 2F). Sudden longitudinal displacements in the trans-
ersely aligned bands can be seen at all ages. These corre-
pond to similar displacements between the cross striations
f groups of myofibrillar bundles (cf. Fig. 1B). Thus, the
triking increase in the expression and clustering of RyRs at
16/17 are temporally coordinated with the arrangement of
yR-containing membrane domains relative to the cross
triation.
Transition between Peripheral and Internal Location
of CRUs Parallels Early Formation of T Tubules:
Burst of CRU Formation at E17–E18
Electron microscopy shows that CRUs are present as
soon as myofibrils develop, but they initially are limited to
the immediate proximity of the surface membrane. At E14,
42% (n 5 79 junctions) of the CRUs are peripheral cou-
plings and the rest are junctions between the SR and very
shallow, wide invaginations of the surface membrane. At
E15, the frequency of peripheral couplings is reduced to
17% (n 5 94 junctions), and internal junctions are present
both close to the fiber periphery and more deeply. This
coincides with the appearance of the first definitive T
tubules at E15 (Fig. 1C). Overall density of junctions is low
at both E14 and E15.
Between E16 and E18, a dramatic surge in the T tubule
development (Figs. 1D and 1E) and the formation of numerous
junctions at all depths of the fiber occur in parallel, while
peripheral couplings completely disappear. Peripheral cou-
plings are 2% of CRUs at E17 and are not detectable at E18
and later. In addition to the increased frequency, junction
types also shift from peripheral couplings and dyads, which
contain a single SR sac and dominate the early stages (consti-
tuting 88% of the CRUs at E14), to triads which contain two
SR sacs and constitute 87% of all CRUs at E17.
Association of CRUs with the A-I Junction
Precedes Their Transverse Orientation
In agreement with the confocal observations, electron
microscopy shows that the distribution of newly formed T
tubule/SR junctions is initially random and that CRUs
acquire a sarcomere-related location by becoming associ-
ated with the edges of the A bands (A-I junction) of the
adjacent myofibrils (see Fig. 1A and Table 1). At E16, the
location of CRUs is poorly related to the banding of the
myofibrils, and only 22% are associated with the A-I
junctions. Twenty-four hours later, at E17, the A-I junction
association has dramatically increased to 68% and at E18 it
reaches 91%. Note that CRU-myofibril association pre-
s of reproduction in any form reserved.
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208 Takekura, Flucher, and Franzini-ArmstrongFIG. 2. Sarcomeric organization of RyR clusters in developing mouse diaphragm. Immunofluorescence labeling of RyRs shows the first
yR clusters at E15 at or close to the periphery of individual myotubes (arrows, A). Some clusters are also present internally (double arrows)
ut show no regular organization. At E16, strings of RyRs clusters are detected throughout the myotubes (B). In some areas, the clusters
re in doublets (double arrows) that have a two-per-sarcomere spacing and are transversely aligned across several adjacent myofibrillar
undles. However, a less ordered arrangement is also often seen at this age. At E17, the majority of RyR clusters are arranged in doublets
nd in obvious transverse bands (C). While this general arrangement persists throughout development, the doublets of RyR clusters become
ore discrete, denser, and better aligned with age (D–F). Small areas of disorder are common at E17, but become scarce at E18 (D) and are
irtually absent at later stages (E, F). Occasional jumps in the cross alignment of RyR spots indicate that they follow the myofibrils’ banding
attern.
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209Differentiation of Muscle Membranescedes the rearrangement of the T tubule network from
longitudinal to transverse, which is still quite poor at D1
(see Fig. 1F). This rapid (re)organization of CRUs relative to
the sarcomeres indicates the existence of a potent organiz-
ing principle that captures T tubule/SR junctions as soon as
they have formed.
The disposition of triads during early differentiation is
predominantly longitudinal (Fig. 3A and Table 1) and it
becomes transverse with maturation (Figs. 3C). The transi-
tion from longitudinal to transverse orientation of CRUs is
gradual, going through oblique stages (Fig. 3B). Reorienta-
tion of the CRU axis lags behind CRU-myofibril associa-
tion, being only 44% complete at E18 (Table 1). The
reorientation of CRUs seems to follow that of the entire T
tubule network. Longitudinal and oblique junctions and T
tubules are still present at birth (Fig. 3) and postnatally
(Edge, 1970; Franzini-Armstrong, 1991) in mouse and after
hatching in bird (Takekura et al., 1993), but both essentially
disappear few weeks after birth.
SR-T Tubule Docking and Insertion of Feet Are
Two Sequential Events in the Formation of CRUs
Adult CRUs have four easily recognizable ultrastructural
features: a close association of an SR vesicle with the
TABLE 1
The Position and Orientation of CRUs Relative to the Bands of th
Age
Position of CRUs relative to myofib
A-I junction Z-line C
E16 (n 5 165) 22 19
E17 (n 5 197) 68 8
E18 (n 5 219) 91 3
Note. n, Number of junctions counted. Abbreviations: CRUs, C
FIG. 3. Changes in the orientation of the triad in developing mo
myofibrils in diaphragm just before birth. All images are shown with
(C) triads are shown. Triad orientation shifts from predominantly lo
of this shift occurs in the critical E16–E18 period (see Table 1). Al
earlier stages of development, the triad may have a random position re
Copyright © 2001 by Academic Press. All rightxterior membrane; a junctional gap of uniform width; the
resence of RyRs in the junctional gap; and the presence of
density within the SR vesicle (calsequestrin, Jorgensen et
l., 1985). The cytoplasmic domains of the RyR homotet-
amers can be seen in electron microscopic preparations as
egularly arranged electron-dense structures (also called
eet) spanning the gap between SR exterior membranes (Fig.
B). Calsequestrin’s association with the junctional SR
embrane, presumably via junctin and/or triadin, results in
he presence of periodic luminal densities in close proxim-
ty to the junctional SR membrane (Franzini-Armstrong et
l., 1987; Zhang et al., 2000). These features are quite
istinctive, so differentiating CRUs can be identified as
uch, even when feet are missing (e.g., see Fig. 4A), due to
he presence of calsequestrin in the SR.
The content of feet within CRUs in differentiating
uscles is variable. Some CRUs, particularly at the early
evelopmental stages, do not have any feet (Figs. 4A and
D). Some triads have feet only on one side but not on the
ther (Fig. 4B), and those junctions that contain feet are
requently not fully occupied by them (Fig. 4C). The width
f the junctional gap in the junctions and/or portions of
unctions without feet (5.7 6 1.6 nm, mean 6 1 S.D., n,
umber of junctions 5 277) is only about half that of the
eet-occupied gap (9.6 6 1.8 nm, n 5 467), indicating that
arest Myofibril in Developing Mouse Diaphragm
%) Orientation of CRUs (%)
r A band Longitudinal Oblique Transverse
59 63 25 11
24 58 27 15
6 28 28 44
elease units.
diaphragm. Examples of various triad orientations relative to the
myofibril axis vertical. Longitudinal (A), oblique (B), and transverse
udinal at E16 to completely transverse in the adult. A good portion
ds shown are near the A-I junction of the myofibrils. However, ate Ne
rils (
enteuse
the
ngit
l tria
lative to the cross striation .
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210 Takekura, Flucher, and Franzini-ArmstrongFIG. 4. Examples of CRUs showing variable occupancy of the junctional gap by feet (RyRs). Two examples of junctions completely lacking
feet are derived from myotubes at E14 (A) and E16 (D). The triad in (B), from a myotube at AE15, has feet on one side (arrows) and none on
the other (between arrowheads). The elongated dyad in (C), at E16, has alternate junctional SR segments with and without feet. Triads
completely occupied by feet are shown in (E–G). Occupancy of the gap by feet increases with developmental age (see Fig. 5). The width of
the junctional gap in the absence of feet (between arrowheads, A, B, and D) is smaller than where feet are present (see text). Accumulation
of electron dense material in the SR sacs (presumably calsequestrin) precedes the presence of feet in the junctional gap.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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211Differentiation of Muscle Membranesthe feet are truly absent (compare with Takekura et al.,
1995).
Occupancy of CRUs by feet increases during the course of
development (Figs. 4A–4G). At E14, many junctions have
either none or few feet; between E15 and D14, most
junctions have at least some feet, and at D14 and later all
junctions are completely filled by feet. In order to quanti-
tate this parameter, we measured the total length of junc-
tional SR membrane profiles in each sectioned junction
(e.g., the length of membrane between double arrowheads
in Fig. 4C) and the total length of membrane associated
with feet (e.g., the length of membrane associated with
arrows in Fig. 4C). The data are shown in Fig. 5. The total
length of junction (open circles, Fig. 5) increases very slowly
between E14 and E18 (close to birth) and more rapidly after
birth, probably due to differentiation of fast fibers. The
feet-occupied length (filled circles, Fig. 5) increases more
rapidly than the total length between E15 and E18 and then
follows closely between D7 and adult. The ratio of the two
lengths (triangles, Fig. 5) clearly shows the rapid increase in
feet occupancy that occurs in the E16–E18 period, when the
ratio of filled to total lengthjumps from 0.51 to 0.83.
Thus, SR-surface docking precedes arrival and aggrega-
tion of RyRs in CRUs. During the later development period
(after birth) RyR delivery to forming CRUs keeps pace with
the docking process, despite the fact that there is rapid
increase in the total number of junctions while the fibers
FIG. 5. Developmental trends in the length of CRU profiles (with
occupied by arrays of feet (closed circles, left ordinate) in developi
between E14 and E18, and then more rapidly during the postnatal
significantly (P , 0.01) shorter than the total length at E14 and it in
is small, even though still significant (P , 0.01). At D7 and later,
occupied and total length (triangles, right ordinate) increases rapid
this period. Values are means 6 1S. D. *, Significant differences (Pgrow in diameter. t
Copyright © 2001 by Academic Press. All rightDISCUSSION
The highly regular arrangement of organelles and mem-
brane systems in the sarcomere is a striking feature of
striated muscle that has important consequences for the
efficiency of excitation–contraction coupling. The order is
of importance both at the level of the organelle and at the
molecular level. The CRUs are precisely positioned at the
borders of the A- and I-bands allowing for the rapid supply
of Ca21 for the activation of the adjacent myofibrils. The
free, Ca21 pumping SR is linked to the Z lines and thus
aintained in proximity of the myofibrils (Walker et al.,
968, 1969; Edge, 1970; Walker and Edge 1971; Flucher et
l., 1993). At the molecular level, surface membrane DH-
Rs are associated with RyRs within CRUs, thus allowing
heir rapid interaction, while calsequestrin in the adjacent
R lumen maintains a high total luminal Ca21 content.
Our studies reveal a highly coordinated differentiation
lan, in which key events have a specific temporal se-
uence. By unraveling this sequence, we gain insight into
ausal relationships that are responsible for the final assem-
ly of a highly ordered skeletal muscle fiber.
Figure 6 gives a comparison of the parameters analyzed
ere with a range of fluorescent and electron microscopic
echniques. It becomes clear that, whereas the myofibrils
nd the SR differentiate continuously over an extended
eriod, key events in the structural and molecular differen-
without feet, open circles, left ordinate) and the length of profiles
ouse diaphragm. The average length of CRUs increases gradually
uration of the muscle fibers. The length of feet-occupied CRUs is
ses more rapidly than the total length, so that at E18 the difference
wo lengths are not significantly different. The ratio between feet
tween E16 and E18, indicating rapid filling of the junctions during
.01) between the total length and feet occupied length.and
ng m
mat
crea
the t
ly beiation of the CRUs occur rapidly during a critical period
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212 Takekura, Flucher, and Franzini-Armstrong(shaded area in Fig. 6) initiated by the onset of T tubule
formation at E15. This period of coordinated T tubule and
junction formation in mouse diaphragm muscle is reminis-
cent of the development of the excitation–contraction
coupling apparatus in avian muscle (Flucher et al., 1993;
Takekura et al., 1994). Paramount to this differentiation
FIG. 6. Time course of structural events in the organization of T
ubules, SR, and CRUs of developing mouse diaphragm. The lines
ndicate the onset of each event and the lines’ inclination is
pproximately indicative of the rate at which the events occur. The
iagram identifies a critical period for the differentiation of the
embrane systems (shaded areas) but also shows interesting varia-
ions in the time courses for various parameters. The onset of T
ubule development is at E15, but rearrangement from longitudinal
o transverse does not start until E17, it proceeds very slowly after
hat and it is complete fairly late, at 3 weeks postnatally. CRUs
ransition from a peripheral to an internal location starts at E15, as
oon as T tubules appear, and is complete by day E18. Linkage of
RUs to the A-I junction level of the myofibrils is clearly detected
t E16 and is essentially complete by day E18, thus preceding
ransverse orientation of the T network. Change from longitudinal
o transverse orientation of the triads, on the other hand, proceeds
ore slowly and in parallel with the transverse rearrangement of
he entire T tubule networks. The size of junctions between SR and
xterior membranes (peripheral couplings and triads/dyads) in-
reases slowly before E18 and more rapidly after E18, while filling
f the junction by feet progresses at a relatively faster rate during
he early period. See text for developmental implications of these
ime courses.period is the establishment of the differentiated architec- T
Copyright © 2001 by Academic Press. All righture of CRUs and of their association with the myofibrils.
urther growth after this period of time, while resulting in
ajor increase in fiber size, entails only a modest amount of
tructural rearrangement (e.g., the final completion of the T
ubule network’s transverse orientation, and the differen-
iation between CRUs of fast and slow fibers). However,
ven during this rapid differentiation, detailed comparison
f the time course of the various CRU differentiation events
how that they are not exactly in parallel. Close examina-
ion of subtle temporal differences contributes new insights
n two important aspects of triad formation: the sarcomeric
rrangement of the CRU and the sequence of events in the
ourse of junction formation.
Since mature T tubules penetrate the muscle fiber at the
lane of the A-I border, one might assume that the junc-
ions form at this place because this is where the SR and T
ubules meet. Instead, we show that the SR initially meets
tubules at random locations, resulting in CRUs that are
rregularly distributed in the fiber. In addition, RyR-
ontaining CRUs are specifically positioned at the A band
dges at a developmental stage when T tubules are mostly
unning along a longitudinal path. This is particularly
bvious in the E17 diaphragm, in which longitudinal T
ubules show only few transverse connections, but the
ross-striated alignment of RyR clusters and of the corre-
ponding association of CRU with the A-I border of the
yofibrils is quite striking (asterisks in Fig. 6). Indeed,
hen triads and dyads assume the specific position at the
-I border of the myofibrils, the orientation of their junc-
ional surfaces is still predominantly longitudinal, indicat-
ng that the junctions are not restricted to the short trans-
erse connecting tubules. Thus, it is not the position of the
tubules that determines the position of the CRUs relative
o the bands of the sarcomeres but vice versa. By contrast,
he final positioning of the overall T tubule network into
ransverse planes is a slow and relatively late process
Franzini-Armstrong, 1991; Flucher, 1992 for a review;
lucher et al., 1993). From these observations, we conclude
hat a linkage between the CRUs and myofibrils presum-
bly through the SR component is the primary event, which
ay be the cause for the subsequent slow movement of T
ubules into a transverse orientation. To this date, no
andidates for the protein–protein interactions between the
RUs and myofibrils shown here or for the SR-myofibril
nteraction at the Z lines have been identified. However,
ased on our present observations, we now know that at
east one of these proteins must be located in the junc-
ional SR.
The mechanism of triad formation is still elusive. Studies
n muscle of null-mutant mice have demonstrated that
nteractions between the RyR in the junctional SR and the
HP-receptor in the junctional T tubules are not required
or the structural formation of a specific junction between
R and exterior membranes. Dysgenic (lacking DHPRs,
owell and Fambrough, 1973; Franzini-Armstrong et al.,
991); dyspedic (lacking RyRs, Takeshima et al., 1994;
akekura et al., 1995; Takekura and Franzini-Armstrong,
s of reproduction in any form reserved.
j213Differentiation of Muscle Membranes1999; Barone et al., 1998) and even double knock out
unctions (Felder et al., 2001) are formed. In agreement with
these published data, we show that during normal in vivo
development of skeletal muscle RyR are recruited into
preformed junctions. Similar observations have been made
previously in cardiac muscle (Protasi et al., 1996) and in
developing mouse leg muscles (Walker et al., 1975). Thus,
docking of the SR to T tubule must precede the incorpora-
tion of feet within the junction and perhaps even provides
the inductive signal for it (Flucher and Franzini-Armstrong,
1996). Candidates for docking proteins have been proposed
and these may very well be the molecules that initiate the
formation of junctions and the recruitment of other com-
ponents (Takeshima et al., 1998, 2000; Komazaki et al.,
1999). RyRs have been shown to possess an inherent ability
for self-aggregation in isolated preparations (Yin and Lai,
2000). Thus, we expect that the newly formed junction may
provide RyRs with the positional clue that allows them to
be retained, but not necessarily with the signal for forming
a semicrystalline arrangement.
During the early part of differentiation (E15–E16), T
tubule/SR docking outpaces the rate of RyR incorporation
leading to numerous partially occupied junctions. In the
subsequent period (E17–E18), filling of the junctional gap
with feet catches up with the formation of new junctions,
indicating that RyR expression occurs at a higher rate than
junction formation. After E18, both junction formation and
filling by RyRs occur in parallel at similar rates, leading to
a phase of continuing triad growth, which keeps pace with
the overall fiber diameter increase.
The present data suggest the following sequence of events
for the differentiation of mature CRU in skeletal muscle. T
tubule formation triggers the formation of T tubule/SR
junctions and perhaps a sudden increase in the expression of
junctional proteins like the RyR and those proteins that are
responsible for specific membrane–cytoskeletal interac-
tions. As these proteins are incorporated into the junctions,
the CRU assume their mature triadic composition and their
position in the sarcomeres. All these processes occur during
a brief time window that is followed by a period of second-
ary growth and trimming, including the transverse orienta-
tion of the T system. The specific developmental sequences
suggest distinct mechanisms for various events: the T
tubule-SR docking; the docking of SR to T tubules; the
acquisition of RyR in the junctions; and the positioning of
these junctions at the A-I border independently of the
orientation of the T tubules. The molecular bases for these
specific processes remain to be identified.
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